A novel aerobic, obligately mixotrophic, moderately thermophilic, thiosulfate-oxidizing bacterium, S10 T , was isolated from hot-spring sediment samples collected from Atri, Bhubaneswar, India. The cells of this isolate stained Gram-negative and were strictly aerobic, non-sporulating, rodshaped and motile with a single polar flagellum. Strain S10
, its nearest phylogenetic relatives, were 46 and 39 %, respectively. On the basis of phenotypic, physiological and chemotaxonomic properties, 16S rRNA gene sequence analysis and DNA-DNA reassociation studies, it is proposed that strain S10
T represents a novel species of the genus Thiomonas, Thiomonas bhubaneswarensis sp. nov.; the type strain is S10 T (5DSM
A number of thermophilic sulfur-oxidizing betaproteobacteria have been described, including members of genera such as Thiomonas (Shooner et al., 1996; Katayama et al. 2006; Kelly et al., 2007) , Thermothrix (Odintsova et al., 1996) , Tepidimonas (Moreira et al., 2000) and Thiobacillus (Wood & Kelly, 1988; . These organisms have been isolated from terrestrial hot-spring environments or wastewater-treatment plants and most of them are facultative autotrophs or strict heterotrophs. Species of the genus Thermothrix are obligately or facultatively chemolithoautotrophic, whereas species of the genus Thiomonas are facultative chemolithoautotrophs. The species of these genera are not closely related to each other and there may be no relationship between sulfur chemolithotrophy and the ability of these organisms to grow at high temperatures. More recently, facultative organotrophs have been described; these organisms have more versatile types of physiology and can grow autotrophically, heterotrophically and mixotrophically. The best-known species in this group are Thiomonas perometabolis, Thiomonas intermedia, Thiomonas cuprina and Thiomonas thermosulfata (Huber & Stetter, 1990; Moreira & Amils, 1997; .
Several hot springs exist on the Indian subcontinent (Gupta et al., 1975) , but little has been done to explore the presence of micro-organisms in these locations (Ghosh et al., 2003) . Members of microbial communities in the hot spring at Atri, Bhubaneswar, India, are largely unknown, as they have never been the subject of systematic taxonomic investigation. Recently, we have initiated investigations that involve the isolation and identification of members of the aerobic bacterial community from this hot spring. In this study, the taxonomic properties of one isolate, strain S10 T , which is able to oxidize thiosulfate under mixotrophic growth conditions, are reported. Based on the results of our polyphasic taxonomic study, it is concluded IP: 54.70.40.11
On: Sat, 30 Mar 2019 00:34:46 that strain S10
T represents a novel species within the genus Thiomonas.
Strain S10
T was isolated from a hot-spring sediment sample; the temperature of the sediment was 45 u C and the pH of the water was 7.4. Sediment samples were transferred to 250 ml conical flasks containing 50 ml mixotrophic medium and the resulting preparations were incubated on a shaker (ISF1-V; Adolf Kuhner) at 200 r.p.m. and 45 u C. ) was added to the medium to detect acid production. The medium was adjusted to pH 7.5 with 10 M NaOH and sterilized by autoclaving at 103 kPa for 15 min. For preparation of solid medium, agar powder (15.0 g l
21
; Himedia) was added. After 3 days of incubation, when the medium turned yellow as a result of acid formation, the contents of the flasks were serially diluted and plated onto mixotrophic agar medium. After 3-4 days of incubation at 37 u C, colonies with yellow haloes, resulting from acid formation and utilization of thiosulfate, were purified by repeated streaking on the same medium. A purified culture was obtained and this culture was designated strain S10
T .
Colonies of strain S10 T grown mixotrophically on mineral salts-thiosulfate-yeast extract agar were circular, 0.5-1.0 mm in diameter and smooth. Single colonies appeared within 4 days at 37 u C. Cell morphology was examined using transmission electron microscopy (FEI Morgagni 268D). The presence of flagella was determined using cells that had been placed onto a carbon-coated grid and negatively stained with 2.0 % phosphotungstic acid (Sharma et al., 1989) . Cells generally occurred singly and were rod-shaped, 0.4 mm wide and 1.7 mm long, and motile by means of a single polar flagellum. Cells grown on mixed substrate agar containing thiosulfate and yeast extract deposited sulfur on the colony surfaces and caused a drop in pH that was visible as a colour change from red to yellow. The cells stained Gram-negative and did not form spores. Oxidase activity was assayed with discs impregnated with dimethyl-p-phenylenediamine (Himedia). Catalase activity was assayed by mixing a pellet of a freshly centrifuged culture with a drop of hydrogen peroxide (10 %, v/v). Anaerobic growth was determined with the GasPak EZ system (Becton Dickinson). All other routine biochemical tests and procedures were performed as described previously (Cruickshank et al., 1975) . Strain S10 T exhibited positive reactions for catalase, oxidase and nitrate reductase. The methyl red/Voges-Proskauer test and tests for indole production, urease, starch hydrolysis, arginine dihydrolase, anaerobic growth and H 2 S production were negative.
Growth occurred at 25-45 u C and the optimum growth temperature was 30-37 u C. Mixotrophic growth was observed at pH 6.0-8.5 and optimum growth occurred at pH 7.5. Mixotrophic agar medium containing 1.0-3.0 % (w/v) NaCl was inoculated and incubated at 37 u C for 4 days to test for salt tolerance. Strain S10 T grew on mixotrophic agar medium containing 1.5 % (w/v) NaCl, but not with 2.0 or 3.0 % NaCl.
Heterotrophic growth was examined in mineral salts medium containing potential organic carbon sources: 0.2 % (w/v) each of yeast extract, tryptone, peptone and Casamino acids; 0.5 % (w/v) each of glucose, succinate, gluconate, pyruvate, malate, fructose and citrate; and 0.2 % (w/v) each of serine, alanine and aspartic acid. Heterotrophic growth was not observed with any of the carbon compounds used. Characteristics that differentiate strain S10
T from strains of other closely related species of the genus Thiomonas are given in Table 1 .
Utilization of inorganic sulfur compounds was tested in mineral salts medium containing various concentrations of different inorganic sulfur sources (1.0, 2.5 or 5.0 g l
). The sulfur compounds used were sodium thiosulfate, tetrathionate, sulfite and elemental sulfur. Tetrathionate, sulfite and elemental sulfur did not support growth. No autotrophic growth was observed in mineral salts medium supplemented with any of the sulfur sources tested. However, yeast extract, pyruvate, fructose, serine, alanine, proline and glutamic acid supported mixotrophic growth in mineral salts medium supplemented with sodium thiosulfate. The optimum concentration of thiosulfate for growth was 5.0 g l
. Under these conditions, the pH of the medium decreased from 7.5 to 5.5.
For estimation of DNA G+C content, DNA was degraded enzymically into nucleosides as described by Mesbah et al. (1989) . The obtained nucleoside mixture was then separated by HPLC (Shimadzu) using an analytical column (Vydac 201 SP54, C18, 5 mm; 25064.6 mm) equipped with a guard column (201 GD54H; Vydac). The operating conditions were as follows: 45 u C, 10 ml sample, 0.3 M (NH 4 )H 2 PO 4 /acetonitrile, 40 : 1 (v/v), pH 4.4, as solvent and flow rate of 1.3 ml min
, as described by Tamaoka & Komagata (1984) . Non-methylated lambda phage DNA (Sigma) was used as the calibration reference. The G+C content of the genomic DNA of strain S10 T was 64.8 mol%, a value that is similar to those of other members of the genus Thiomonas, including Thiomonas perometabolis ATCC 23370 T and Thiomonas intermedia ATCC 15466 T (Table 1) .
Cellular fatty acids were extracted from cells grown on mixotrophic agar plates at 28 u C for 3 days. Cells were saponified and transmethylated as described by Kuykendall et al. (1988) . The fatty acid methyl ester mixtures were separated using the Sherlock Microbial Identification system (MIDI; Microbial ID), which consisted of an Agilent model 6890N GC. Analysis of the fatty acid profile of strain S10 T revealed six major fatty acids (accounting for 88.82 % of total fatty acids) corresponding to C 12 : 0 3-OH (4.67 %), C 16 : 1 v7c (5.14 %), C 16 : 0 (35.35 %), C 17 : 0 cyclo (4.98 %), C 18 : 1 v7c (29.12 %) and C 19 : 0 cyclo v8c (9.56 %). The presence of C 10 : 0 3-OH, C 12 : 0 3-OH, C 16 : 0 , C 17 : 0 cyclo and C 19 : 0 cyclo v8c fatty acids in strain S10 T correlated with those found in Thiomonas perometabolis ATCC 23370 T and Thiomonas intermedia ATCC 15466 T (Katayama-Fujimura et al., 1982 . Strain S10 T could be differentiated from Thiomonas perometabolis ATCC 23370 T and Thiomonas intermedia ATCC 15466 T by some marked differences in the dominant fatty acids and by the presence of iso-C 16 : 0 , C 16 : 1 v7c, C 18 : 1 v7c and 11-methyl C 18 : 1 v7c ( Table 2 ).
The 16S rRNA gene of strain S10 T was amplified as described previously (Das et al., 1996; Patra et al., 2007) . The 16S rRNA gene sequence (1440 nt) thus obtained was compared with those in GenBank and the Ribosomal Database Project (Maidak et al., 1997) after BLAST searches (Altschul et al., 1997) . Strain S10 T showed 98.0 % 16S rRNA gene sequence similarity with Thiomonas perometabolis ATCC 23370 T and Thiomonas intermedia ATCC 15466 T and less than 97 % similarity with strains of other Thiomonas species with validly published names. A neighbour-joining phylogenetic tree was constructed based on 16S rRNA gene sequences of members of the genus Thiomonas and related genera according to Kimura's twoparameter model (Kimura, 1980) using the MEGA 3.1 (Kumar et al., 2004) software package. The statistical significance of branch points was calculated by 1000 bootstrap resamplings of the data (Felsenstein, 1985) . In the phylogenetic tree, strain S10
T clustered with Thiomonas perometabolis ATCC 23370 T and Thiomonas intermedia ATCC 15466 T (Fig. 1) .
A DNA-DNA reassociation study was carried out with strain S10 T and closely related strains of the genus Thiomonas following the method of Ezaki et al. (1989) as modified by Bhadra et al. (2008) using a 32 P-labelled probe. Using the S10
T labelled probe the DNA-DNA reassociation value was 46 % with Thiomonas perometabolis ATCC 23370 T and 39 % with Thiomonas intermedia ATCC 15466 T . Therefore, considering 70 % DNA-DNA relatedness as cut-off point for species delineation (Wayne et al., 1987; Stackebrandt & Goebel, 1994) , strain S10
T should be regarded as a representative of a novel species of the genus Thiomonas.
Based on phenotypic properties, cellular fatty acid analysis, phylogenetic analysis and DNA-DNA relatedness studies, strain S10 T is considered to represent a novel species of genus Thiomonas, for which the name Thiomonas bhubaneswarensis sp. nov. is proposed.
Description of Thiomonas bhubaneswarensis sp. nov.
Thiomonas bhubaneswarensis (bhu.ban.es.war.en9sis. N.L. masc. adj. bhubaneswarensis pertaining to Bhubaneswar, in India, the geographical origin of isolation of the type strain).
Obligately mixotrophic and able to oxidize thiosulfate under mixotrophic growth conditions. Tetrathionate, sulfite and elemental sulfur do not support growth. Cells are rods, 0.4361.73 mm. Cells usually occur singly. Motile by a single polar flagellum. Gram-negative. Catalase-and oxidase-positive. Grows at 25-45 u C and pH 6.0-8.5. Optimum growth is observed at pH 7.5-8.0 and 30-37 u C. Colonies on mixotrophic agar medium are round and smooth. Colonies are about 0.5-1.0 mm in diameter after 4 days of incubation. Sulfur deposition occurs on the colony surfaces. Heterotrophic growth is not observed on glucose, citrate, acetate, mannitol, malate, succinate, gluconate, glycerol, arabinose, ribose, xylose, mannitol, galactose, sorbose, rhamnose, raffinose, trehalose, maltose, sorbitol, tryptone, peptone, Casamino acids, arginine, glycine, hydroxyproline, phenylalanine, tyrosine, tryptophan, leucine, isoleucine, glutamic acid, asparagine, histidine, valine or lysine. Yeast extract, pyruvate, fructose, serine, alanine, proline and glutamic acid support mixotrophic growth. The major cellular fatty acids are C 12 : 0 3-OH, C 16 : 1 v7c, C 16 : 0 , C 17 : 0 cyclo, C 18 : 1 v7c and C 19 : 0 cyclo v8c.
The type strain is S10 T (5DSM 18181 T 5JCM 14806 T ), isolated from sediment samples of a hot spring in Atri, Bhubaneswar, India. The DNA G+C content of the type strain is 64.8 mol%. 11-Methyl cis-octadec-9-enoic acid 1.25 C 19 : 0 cyclo v8c cis-Cyclo-10,11-methylene octadecanoic acid 9.56 10-Methyl C 19 : 0 10-Methyl octadecanoic acid 0.36
